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erroelectric-to-relaxor crossover in Sb doped PLZT x/52/48 (2 ≤ x ≤ 16) piezoelectric ceramics
 r  t  i  c  l  e  i  n  f  o
eywords:
ielectric behavior
a  b  s  t  r  a  c  t
Dielectric  behavior  and  diffuse  phase  transition  have  been  investigated  in  Sb  doped  lead lanthanum  zir-
conate titanate  (PLZT)  ceramics  to  understand  the  role  of La and  Sb in  ferroelectric-to-relaxor  crossover.erroelectrics
hase transition
elaxor
Rayleigh  and  Curie–Weiss  type  law  ﬁttings  show that  the  La  substitution  gradually  transforms  the
PLZTs  from  ferroelectric  to relaxor,  while  Sb dopants  weaken  the diffuseness  and dielectric  disper-
sion.  Vogel–Fulcher  model  reveals  that  the  samples  at high  La  concentration  are  fully  in relaxor  state
comparable  to  the  undoped  PLZTs.
Production  and  hosting  by  Elsevier  B.V.  on  behalf  of  The  Ceramic  Society  of  Japan  and the  Korean
Ceramic  Society.
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t. Introduction
Solid solution of Pb1−xLax(ZryTi1−y)1−x/4x/4O3 (PLZT) is the
ost investigated A-site substituted lead zirconate titanate (PZT)
erroelectric material for wide applications [1–6]. The La3+ substi-
ution for Pb2+ of the PZTs introduces A-site vacancies, decreases
xygen vacancies, and reduces the domains to nano-size, inducing
 gradual ferroelectric–relaxor transition. Polar relaxation like fre-
uency dispersion is not featured in PZTs because of their normal,
ong-range ferroelectric order. However, when aliovalent cations,
.g. La3+, are substituted into PZT body, random distributed vacan-
ies hinder the onset of long-range order (LRO). These vacancies
nd composition ﬂuctuations create local heterogeneous structures
n the form of polar nano-regions (PNRs), which can transform into
acroscopic domains with assistance of external electric ﬁeld. At
his point, a relaxor state is formed, featured with a slim electri-
al hysteresis loop that makes it a great candidate for capacitive
nergy storage application [4,6,7].
Although not all aliovalent cations can trigger the relaxor state
n PZTs [4,5], some dopants, e.g. Sb5+, can boost the piezoelec-
ric activity of PZTs. Therefore, it is interesting to dope one or
ore element spices along with the La3+ substitution to investi-ate the ferroelectric–relaxor transition in PLZTs. Several groups
ave already tried to co-dope La and other ions into PZTs. For
xample, Helke and Lubitz [8] and Rai and Sharma [9] tried to
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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vo-dope La and Sb ions to modify the piezoelectric properties of
ZT ceramics and investigate these ceramic’s phase transitions.
érez-Delﬁn et al. [10] studied the relaxor behavior in MnO2 doped
LZT ceramics. However, to our knowledge, careful reports on the
erroelectric–relaxor transition of PLZT due to the introduction of
liovalent cation are still absent. In this letter, with a ﬁxed amount
f Sb2O5 (1.5 wt%) addition, the effect of La substitution for Pb
n the ferroelectric-to-relaxor phase transition of PLZT x/52/48
2 ≤ x ≤ 16, where x is the mole fraction) was  investigated system-
tically, and the intrinsic mechanism was discussed.
. Experimental procedure
All samples were prepared by the conventional solid-state reac-
ion route. Raw materials of Pb3O4, La2O3, TiO2, ZrO2, and Sb2O5
ere weighed carefully according to the chemical composition
f Pb1−xLax(Zr0.52Ti0.48)1−x/4x/4O3 + 1.5 wt% Sb2O5 (x = 0.02, 0.04,
.06, 0.08, 0.10, 0.12, 0.14, 0.16). 0.3 wt%  excess Pb3O4 was  added
o compensate the lead loss during sintering at high tempera-
ure. The mixtures were ball-milled in distilled water for 2 h, and
hen dried and calcined in air at 900 ◦C for 4 h. Subsequently, the
all-milled powders were pressed into cylindrical disks under a
ressure of 25 MPa. After burning out the binder of parafﬁn wax at
60 ◦C for 3.5 h, the green compacts were sealed in crucibles and
intered at 1250 ◦C for 2 h. The as-prepared pellets were polished,
nd silver electrodes were screen-printed and ﬁred at 800 ◦C for
0 min. Finally, the samples with diameter of 12 mm and thickness
f 1.5 mm were obtained. The crystalline structure was  determined
y an X-ray diffractometer (XRD, PANalytical X’Pert PRO) with Cu
adiation K1 at room temperature. The dielectric properties were
easured using LCR meters (HP4194A and TH2816A). Commercial
emperature chambers (MPC-2000A, −65 to 150 ◦C; Nabertherm,
5–1300 ◦C) were used to support the dielectric measurement at
arious temperatures.
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increase from 0.015 to 0.025 for 4 ≤ x ≤ 16, indicating the reversibleig. 1. XRD patterns of Sb doped PLZT x/52/48 (2 ≤ x ≤ 16) ceramics. Inset is the
yrochlore phase volume percentage (XF ) as a function of La concentration.
. Results and discussion
Fig. 1 shows the XRD patterns of Sb doped PLZT ceramic pow-
ers. XRD data reveals that the Sb doped PLZT ceramics were well
rystallized. For x ≤ 4 mol%, only perovksite phase (Pe-phase) can
e observed within the detection limit of XRD. For x ≥ 6 mol%,
yrochlore phase (JCPDS 72-2370, Py-phase) was present, whose
eak intensities increase with the increase of La concentration. To
stimate the volume percent (XF) of Py-phase by the ratio of the
ighest peak intensities, peak (2 2 2) for the Py-phase to the sum
f peak (2 2 2) for the Py-phase and peak (1 0 1)/(1 1 0) for the Pe-
hase, it is found that the XF increases linearly from 0% to 10.6%
n the range of x = 5–14%, and are stabilized at 10.6% at x = 16 (the
nset in Fig. 1). Based on the facts that second phase is absent in PLZT
/52/48 (0 ≤ x ≤ 20) [1,2,11] and the solubility limit of Sb in PZT is
round 2% [12], one can expect that the Py-phase is introduced by
he Sb dopants. Yet, due to the complication of the pyrochlore sys-
em (A2B2O7−ı, A = La, Sb, Pb, B = Zr, Ti, Sb) in PZT-based ceramics,
he accurate chemical composition of the Py-phase is not iden-
iﬁed. The Py-phase lattice parameters based on peak (2 2 2) are
alculated as 10.67 ± 0.17 A˚, suggesting a single composition in the
amples. The inﬂuence of the Py-phase on the dielectric behavior
s discussed as follows.
Fig. 2a shows the variation of permittivity (εr) and dielectric loss
tan ı) of Sb doped PLZT ceramics with frequency at room temper-
ture. The values of εr and tan ı are between 2200 and 3800, and
rom ∼0.02 to 0.04, respectively. They are very much comparable
o those of PLZT ceramics at the same La doping level. Generally,
y-phase is supposed to be deleterious in ferroelectric materials
ecause of its low permittivity [13–16]. Even a small amount of
y-phase can diminish the dielectric properties intensively [3,17].
owever, the samples in this study do not show such low εr val-
es. Similar phenomena were seen in the literature [9,18], where
ne paper attributed it to a single phase of perovskite structure yet
d
c
tig. 2. (a) Room temperature permittivity (εr ) and dielectric loss (tan ı) of Sb doped
LZT (x/52/48) as a function of frequency and (b) dependence of εr (at 1 kHz) and
alculated Rayleigh law ﬁtting parameters (εR , ˛) on La concentration.
ith dissimilar distortion. Yamamura et al. [19] reported that such
efect Py-phase compositions can have permittivity up to 105–107.
hus, one of the following scenarios may  occur in our samples: (a)
he Py-phase is a Pe-phase in a different structure; (b) the Py-phase
as comparable εr with that of Pe-phase; (c) the Py-phase has a
iscontinuous distribution, e.g. in the form of columns that paral-
el to the external electric ﬁeld. Any of the above assumption can
ero or minimize the inﬂuence from the Py-phase to the dielectric
roperties.
The dielectric behavior of ferroelectric materials adheres to
ayleigh model up to electric ﬁeld of ∼1/2 of the coercive electric
eld [20]. Note that the non-ferroelectric materials, e.g. Py-phase,
o not obey the model. In a random system, where restoring forces
re in normal distribution, such extrinsic contributions, e.g. domain
all motion, obey the following equation before the Debye relax-
tion [21–23]:
(f ) = εR(1 + ˛lg(f )) (1)
here f is the measure frequency, εR is the reversible permittivity,
nd  ˛ is the Rayleigh ﬁtting coefﬁcient. The frequency dependent
ermittivity of the samples was plotted in Fig. 2a with satisﬁed ﬁt-
ing based on Eq. (1). The ﬁtting parameters were plotted in Fig. 2b.
t is found that the reversible permittivity has very close values to
hose measured at 1 kHz. The Rayleigh ﬁtting coefﬁcients graduallyomain wall motion has greater contribution to the εr at higher La
oncentration. Narayanan et al. [24] found that the intrinsic permit-
ivity of PLZTs is very comparable to that of PZTs. In other words, the
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wig. 3. (a) Temperature dependent εr and tan ı of Sb doped PLZT (x/52/48) ceramics
nd  (b) peak temperature (Tm) and peak permittivity (εm) vs. La mole fraction. Note
hat the PLZT data are based on compositions of x/53/47 adopted from Ref. [26–28].
ncreased permittivity at high La concentration is extrinsic due to
he increase of domain wall mobility. These simulation results are
xpected during a typical ferroelectric-to-relaxor crossover where
ecreased grain/domain size eases the domain wall motion and
acilitates the domain reorientation. The frequency dependence in
his study, however, is weaker compared with pure PLZT. Pérez-
elﬁn et al. [10] reported that the εr decrease from 4000 at 0.5 Hz to
700 at 1 MHz, leaving the value of  ˛ ≈ 0.070. But the value drops to
0.010 in the same PLZT composition when MnO2 dopant (2 wt%)
re used. As Ahart et al. [25] and Pérez-Delﬁn et al. [10] discussed,
he PNRs in relaxors can be easily aligned and grow with exter-
al electric ﬁeld, but when additional dopants, e.g. Sb5+, Mn4+, are
ntroduced to the system, these new cations/vacancies yield addi-
ional internal electric ﬁelds that may  pin and couple to the PNRs,
nd break short coherent length (SCL) cation order. As a conse-
uence, the PNRs become macro-size domains, and relaxor state
isappears. Therefore, PLZT with Sb dopant is less disordered. Since
on-ferroelectric compositions do not obey the Rayleigh model, the
requency dependent dielectric responses also suggested that the
y-phase has minor to no inﬂuence in the dielectric response of Sb
oped PLZT.
The dielectric response for Sb doped PLZT x/52/48 (2 ≤ x ≤ 16)
ompositions is shown in Fig. 3a. The permittivity peak (εm) and
emperatures (Tm) linearly decreases associating the broader per-
ittivity peaks as the value of x increases. Dielectric frequency
ispersion (frequency dependent peak drifting) is not obvious until
he mole fraction of La3+ is higher than 10%. Similar tendency were
een in undoped PLZTs [4,6], meaning that La ions gradually trans-
orm the PZTs from ferroelectric to relaxor. The dielectric loss peaks
t
m
o
(c Societies 2 (2014) 1–4 3
ppeared at lower temperatures of ∼40 ◦C compared with their Tm
ounterparts, and then reduced to lower values at higher temper-
ture in the paraelectric phase when domain wall vanishes. The
ielectric peaks showed intense peaks in the mole fraction of La3+
rom 10% to 16%. Such phenomenon may  have strong correlation
ith the impurity. Yet in the form of ceramics whose dielectric
oss is extrinsic, the complexity of dielectric loss can be deter-
ined by, not only the material composition, but also the metal
nd oxygen vacancies, local composition ﬂuctuations, etc. Thus,
ore discussion on the dielectric loss is not given in this work.
t has been reported that such frequency dispersion is initialized at
a = 6 and 12 mol% in PLZT compositions of x/65/35 and x/60/40,
espectively [29,30]. Thus, the ferroelectric–relaxor boundary of
a = 10 mol%, when frequency dispersion in the samples are notice-
ble, is a realistic value in consideration the phase diagram of PLZTs.
ore detailed comparisons of the phase transition parameters Tm
nd εm of this study and PLZTs are illustrated in Fig. 3b. Both Sb
oped PLZTs and non-doped PLZT have decreasing peak temper-
tures as a function of La concentration. The Sb doped PLZTs has
maller Tm and εm at low concentrations (x ≤ 4) and greater ones
t high concentrations (x ≥ 6). The Sb dopant may generate more
b vacancies that lower the values of Tm and εm when PLZTs are in
he ferroelectric state. At higher mole fraction of La3+, Sb dopant
ay  delay and hinder the formation of PNRs. Consequently, higher
alues of Tm and εm were found compared with those of undoped
LZTs. To further investigate the La concentration effect in the
erroelectric–relaxor transition, and to describe qualitatively the
hape of dielectric anomaly, Curie–Weiss (C–W) type law of relaxor
s used to simulate the deviation from C–W law.
Two main features of εr(T) were used to identify a relaxor from a
erroelectric: (a) the broad permittivity peak (strong deviation from
–W law), namely the diffuse phase transition; (b) the frequency
ispersion. The ﬁrst one is usually measured with the C–W type
aw at Tm ≤ T ≤ Td (Burns temperature, above which relaxors are in
araelectric phase) [4–6]:
εm
εr
− 1 = (T − Tm)
2
2ı2m
(2)
here ım is a constant, measuring the degree of the peak dif-
useness. The ﬁtting of the data was plotted in Fig. 4a. The ﬁtting
arameter ım is shown in Fig. 4b, where greater values of ım were
ound in higher La concentration samples, inferring broadened
eaks and the intense composition ﬂuctuations.
One of the methods to qualitatively demonstrate the frequency
ispersion is using the peak temperature drift (Tm) of permittivity
eaks measured at two  different frequencies. The delta Tm, deﬁned
s the value differences between Tm measured at f = 1 and 200 kHz,
as shown in Fig. 4b. Like the trend of ım, the values of Tm were
reater at higher La concentration from 1 K at x = 6, to the maximum
f 24 K at x = 14.
The frequency dispersion of Sb doped PLZTs is signiﬁcant at
 ≥ 14, where dipole glass model is widely used to demonstrate
he relaxor state [5,6,20]. This model adopted Vogel–Fulcher (V–F)
nalysis describes the freezing of the dipoles results from cooper-
tive interactions between moments on the nanometer scale. The
–F function is given below as [5,6]:
 = f0 exp
[
−U
kB(Tm − Tf )
]
(3)
here f is the measure frequency, f0 is a ﬁtting coefﬁcient related
o dipole freezing time, U is the activation energy, kB is the Boltz-
ann constant, and Tf is the glass freezing temperature. The ﬁtting
f the data as shown in inset of Fig. 4b yields f0 = 3.9 × 1013 Hz
1.51 × 1013 Hz), U = 0.26 eV (0.21 eV), and Tf = 29.0 ◦C (1.5 ◦C) for
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[ig. 4. (a) C–W type law ﬁtting of diffuse phase transition above Tm and (b) as-
alculated diffuse coefﬁcients ım and Tm vs. La concentration; Inset is the V–F law
ttings for PLZT x/52/48 (x = 14, 16).
 = 14 mol% (16 mol%). These values are comparable to the open lit-
rature of relaxor PLZTs [31–33]. The above simulation indicates
hat, although Sb dopants can weaken the effects of La ions in
erroelectric–relaxor transition, at high La concentrations, 1.5 wt%
b2O5 doped PLZTs can be fully transformed into relaxor state sim-
lar to non-doped PLZTs.
. Conclusion
In conclusion, we have investigated the Sb doping and La sub-
titution inﬂuence to the ferroelectric-to-relaxor crossover in Sb
oped PLZT ceramics. The prepared samples transform from fer-
oelectric to relaxor as the La concentration gradually increased
rom 2 to 16 mol%, with a boundary at x = 10. La substitution eases
he reversible movement of domain walls, and Sb dopants weaken
uch effect. Although Sb dopant weakens the formation of PNRs,
b doped PLZTs are in pure relaxor state at high La concentration
x ≥ 14). Our results suggest that modiﬁed relaxors with improved
ielectric properties while retaining their features as relaxors can
e achieved by doping in pure relaxor composition, e.g. high La
oncentration PLZT and Pb(Mg1/3Nb2/3)O3.
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